Introduction
The extrusion processes of interest herein are high temperature-high pressure-short time processes. To obtain and maintain desired product quality, it is necessary to process the feed material for an optimum time that is specific and controllable. Residence time distribution (RTD) is the parameter that depicts the time. In cases of scaling-up and transferring processes to different extruder geometries, most of the time, RTD is useful for comparison since it is measured easily and is a result of mass flow patterns (Jager, Van Zuilichem, & Stolp, 1991) .
Numerous attempts have been made to model and predict RTD under various operating conditions. Bigg and Middleman (1974) developed a mathematical model for a two-dimensional flow field in an extruder under the assumption that the melt material was a power-law fluid. They used the model to determine RTD during the process. Though these models were based fundamentally on fluid flow dynamics, a large number of factors (e.g., screw and die designs and properties of the feed materials), the dynamic properties of the material and the assumptions involved made the model complex and results deviated from the experimental data.
There is another approach, namely conceptual flow modeling, in which the extrusion process is modeled as a series of ideal tank reactors. These models were derived basically for chemical reactors. Levenspiel (1972) and Wolf and Resnick (1963) described different types of single and multistage models and their applications. Levich, Markin, and Chismadzhev (1967) developed a model for hydrodynamic mixing assuming an infinite series of continuously stirred tank reactors (CSTRs). Davidson, Paton, Diosady, and Spratt (1983) compared these proposed conceptual models to predict RTD in the single-screw extruder. Experimental RTDs were explained well with the models. In this paper, a model of plug flow with a finite number of CSTRs having dead volume fractions in series is referred to as a "complete model." Yeh and Jaw (1999) proposed a "simplified model" assuming plug flow in series with one CSTR with a dead volume fraction. They found that the simplified model and complete model represented the RTD better than other general conceptual models. However, the simplified model did not represent the initial portion of the distribution well. The complete model represents the simplified model when there is only one CSTR. Since, the complete model is the most generalized model among these models, estimating the parameters of the complete model from experimental residence time data would be more informative. There have been no reports on estimating and analyzing the parameters of the complete model based on the experimental data and comparing the validity of all proposed models. This was one objective of research reported herein.
Since, RTD develops as a result of flow and mixing patterns, it is highly dependent on the process variables. Several researchers studied the effects of process variables on RTD. Increasing screw speed shifted the RTD to the left with respect to the time axis and shortened the mean residence time (Altomare & Ghossi, 1986) . Gogoi and Yam (1994) developed an empirical exponential equation to relate mean residence time with screw speed in a twin-screw extruder. They also found that the spread of the RTD was minimally affected by the screw speed and barrel temperature had little effect on the residence time. However, there are some conflicting results in the literature on the effects of process variables on RTD. Ziegler and Aguilar (2003) found that the mean residence time was affected more linearly (with negative constant) than exponentially with screw speed. Wolf and White (1976) found no significant effect of screw speed on RTD and an increase in mixing was observed with an increase in the temperature in a plasticating screw extruder. Altomare and Ghossi (1986) observed that lower barrel temperature resulted in shorter mean residence times. They also found that moisture contents (10-28%) had very little effect, when screws with conveying elements were used in a twin-screw extruder. During singlescrew extrusion of rice flour at barrel temperatures of 60-80 °C and moisture content of 35% (wb), Chuang and Yeh (2004) found that mean residence times were much longer than for general food extrusion. RTD also was dependent on screw profile and die diameter.
Here, the effects of a wide range of conditions, i.e. moisture content, screw speed, nozzle diameters and barrel temperature, on RTD were analyzed in a twinscrew extrusion. The analysis was made based on effects of above process variables on the parameters of the complete model. Ganjyal and Hanna (2002) reviewed the various aspects of RTD in the extrusion process and prospects of using neural network (NN) to model. Ganjyal, Hanna, and Jones (2003) predicted physical properties of waxy cross-linked starches using a NN model. Though NN models are good for complex systems, given the experimental data for specific conditions, the model became very specific for those conditions and extrapolation was not satisfactory. With an aim to see effectiveness of NN for prediction in this case, the performances of a simple NN model (fully connected three layers with back propagation method) and a statistical quadratic model were compared.
The overall objectives of this study were to estimate the parameters of the most-general complete model from the experimental data, compare the proposed conceptual models, and analyze and predict the effects of input variables (moisture content, screw speed, nozzle diameter and barrel temperature) on the model parameters.
Theory

E(t) and F(t)
curves are usually used to analyze RTD. An E(t) curve represents the variation in the concentration of tracer at extruder nozzle exit with time. The F(t) curve represents the cumulative quantity of tracer at the exit with time.
Mathematically, The following equation was developed for a complete model (plug flow with finite number of CSTRs with dead volume in series), after modifying the tank-in-series model (Levenspiel, 1972) to include plug flow and dead fractions
where (4) Hence, the four parameters that fully represent this model are t ‾, p, n and d. Other proposed models were described and compared by Davidson et al. (1983) .
Mean residence time (t ‾) and fraction of plug flow (p) were calculated as (5) (6) A dimensionless parameter, normalized time (θ), was used to compare the RTD curves (7) Thus, the dimensionless plots of E(t) and F(t) became (8) (9) Abdelrahim et al. (1993) , Altomare and Ghossi (1986) , and Yeh and Jaw (1999) and others have used similar mathematical functions (Equations (1), (2), (5)- (9)) to represent the RTD for different food processing applications. However, Equations (3) and (4) were developed by simplifying the model presented by Levenspiel (1972) for this application.
Materials and methods
Samples
Starch, with 25% amylose content (Melogel, National Starch and Chemical Co., Bridgewater, NJ, USA), was used as the feed material. Moisture content of the starch was adjusted from 16% to 28% (wb) by adding predetermined amounts of distilled water and mixing in a Hobart mixer (Model C-100, Hobart Corp., Troy, OH). Moisture contents of the samples were measured with a Metter Toledo HG53 Moisture Analyzer (Mettler Toledo Laboratory and Weighing Technologies, Greifensee, Switzerland). The wetted samples were poured into bottles and held for 12 h to equilibrate.
Extrusion
Experiments were carried out using a co-rotating, intermeshing, twin-screw extruder (Model CSTE-V, C.W.
Brabender, Inc., Hackensack, NJ) having conical screws with diameters decreasing from 43 to 28 mm along a length of 365 mm from feed end to exit end. Rotational speeds were varied from 80 to 160 rpm. The extruder was controlled by an Intelli-Torque Plasti-Corder (Type FE 2000, C.W. Brabender, Inc., S. Hackensack, NJ).
Determination of RTD
A pulse stimulus response technique was used to obtain the RTD. Tracer was prepared by mixing 0.05 mg of erythrosin (red) dye (erythrosin B sodium salt, SigmaAldrich, St Louis, MO, USA) with 5 g of starch (similar to the method used by Altomare & Ghossi, 1986) . The extrudate samples were collected every 10 s from the time tracer was added and the change in concentration was determined by color measurements (a * value of L * a * b * color space coordinates). Extrudates were ground in a micro-mill (Pequannock, NJ) and color measurements of the ground extrudates were taken using a Chroma meter (Model CR-300, Minolta, Japan). Experimental data were checked to eliminate large variations in the replicates. The experiments with large variation between their replicates were performed again using an improved color measurement method as described by Kumar, Ganjyal, Jones, and Hanna (2006) . There were no differences in color measurements obtained by the two methods.
Experimental design
A full factorial design (4 × 3 × 3 × 2) of four starch moisture contents (16, 20, 24 and 28% wb) , three screw speeds (80, 120 and 160 rpm), three nozzle diameters (3, 4 and 5 mm) and two barrel temperatures (120 and 140 °C) was used. Each experiment was replicated twice with a total of 144 experiments. The parameter-values of RTD were averages of the replications.
Analysis
Two parameters of the complete model, t ‾ and p, were estimated from the RTD data using Equations (5) and (6). The other parameters, d and n, were estimated based on least sum of squares of error (sse) since these two parameters could not be directly calculated from the experimental data using equations. The d and n values varied within the ranges of 0.0-0.1 and 0-20, respectively, and sse were obtained by comparing experimental data with the predicted data of complete model. The programming for above procedure was done using MATLAB 7.0 (The Mathworks Inc., Natick, MA, USA). Statistical analyses and development of quadratic models for prediction were done using SAS 8.2 (SAS Institute Inc., Cary, NC, USA). Proc Mixed was used to analyze the effects of input variables on parameters of the model and proc RSREG and proc REG were used to get the quadratic regression equations. Commercial soft-ware Neuroshell 2 (Release 4.0, Ward Systems Groups, Inc., Frederick, MD, USA) was used to build the neural network model for prediction of the parameters. The method used was fully connected three layers with back propagation (Bharath & Dorsen, 1994) . The total data set consisting of inputs and outputs for each set, were divided randomly into training, checking and testing sets, with 60% as training, 10% as checking and 30% as testing data sets. The performance of NN model was measured by the prediction capabilities when testing sets of data were subjected to the trained model. The r-squared and root mean squared errors (RMSE) were obtained for evaluating the model.
Results and discussion
Comparison of models
The complete model is the most general model among all proposed models described in detail by Davidson et al. (1983) . The model represents the WolfResnich model when the plug flow fraction (p) is zero, the Levich model when n is very large and dead volume fraction (d) is zero, and the simplified model when the value of n is one. So, for comparison between the models, the four parameters of the "complete model" were estimated based upon the experimental RTD data (see Figure 1 ).
Estimation of model parameter
The first objective of this research was to estimate the model parameters from known experimental RTD at each extrusion condition, which was a curve-fitting problem.
Complete model parameters, t ‾ and p were calculated directly from the experimental RTD using Equations (5) and (6). Parameters, d and n were estimated from least obtained sse. A typical plot (Figure 2) shows that the sse was dependent primarily on the n value and not influenced by the value of d. The estimated parameters for all conditions are shown in Table 1 . For most conditions, n was found to be either 2 or 3, which may imply that 2 or 3 CSTRs in the model were adequate, and optimal for the model. The simplified model proposed by Yeh and Jaw (1999) contained only one CSTR. Figure 3 shows that though the simplified model was able to describe the tail portion of the curve, the initial portion did not fit with the experimental RTD curve. With a small modification of the simplified model, the complete model with 2 or 3 CSTRs, improved the predicted curve significantly. This also implies that the other proposed model (Levich model with infinite CSTR) was not suitable within the range of our experimental conditions.
Effects of the process conditions on the model parameters
Generally, t ‾ is the most common parameter of concern and is indicative of the average transient time of processing material. The t ‾ changed with all variables; screw speed, moisture content, nozzle diameter and barrel temperature. It varied from 37-157 s over the range of input variables considered. There was 3-way interaction involved between moisture content, barrel temperature and screw speed (p < 0.01). As expected, when other variables were kept constant, t ‾ increased with decreases in screw speed. t ‾ also increased with increases in moisture content. There were no interactions of screw speed with nozzle diameter. When die nozzle diameter was increased from 3 to 4 mm, t ‾ decreased by 24 s but there was no change in t ‾ between die nozzle diameters of 4 and 5 mm. Similar results were reported by Altomare and Ghossi (1986) and Ruyck (1997) and Yeh, Hwang, and Guo (1992) . According to Ruyck (1997) , die pressure increased with decreasing die diameter due to greater degree of fill and die pressure affected RTD only for die diameter below 4 mm. However, Ziegler and Aguilar (2003) reported the effect of feed rate was more pronounced than screw speed when screw configuration was devoid of conveying elements. Herein, the feed rate varied in proportion to screw speed and, hence, was not considered as an independent variable.
The value of p accounts for the part of the conveying zone inside the extruder. In the case of plug flow only (only conveying) the value of p is one, whereas in case of CSTRs only (screw elements with high mixing element) the value of p is 0. In our experiments, the value of p ranged from 0.13 to 0.44. This implies that the WolfResnich model (with p equal to zero) was not suitable for these extrusion conditions. All variables (screw speed, moisture content, nozzle diameter and barrel temperature) had significant effects on the fraction of plug flow, p. There was a 3-way interaction between moisture content, screw speed and nozzle diameter. Also, the 2-way interactions between moisture content with temperature and moisture content with screw speed were significant. In general, with an increase in screw speed, the value of p decreased indicating that the increase in screw speed may have started melting of starch earlier due to more viscous heat generation and so the conveying zone was reduced. For estimation, the regression quadratic model had a low r 2 value, but the RMSE also was very low.
The value of d is indicative of the fraction of dead volume, which elongates the tail in the distribution. There were no 4-way or 3-way interactions between the input variables. Only moisture content and barrel temperature were found to be confounding. However, there was no significant difference between 120 and 140 °C barrel temperatures at any moisture content except for 16%, for which the d value decreased from 0.11 to 0.03 as the barrel temperature increased. This may be attributed to increased fluidity of the starch material at 16% mc (wb) when the temperature was raised from 120 to 140 °C. With change in nozzle diameter, the value was highest at 4 mm and lowest at 3 mm. Screw speed had no significant affect on the d value. However, the change in d value was low within the range of input variables. The reason for the small range in d values (0-0.161) may have been, as found by Yeh and Jaw (1999) , that the d value was influenced primarily by screw configuration and during this investigations, the screw configuration was kept constant. The other reason may be that for all the runs, the feed rate was maintained at a maximum level that corresponded to the screw speed resulting in similar dead volume fractions.
The n value describes the degree of mixing. An optimum value of n is low in the case of high degree of mixing and vice-versa. It was affected significantly by the screw speed, nozzle diameter and moisture content but not by barrel temperatures (p > 0.1). There were no 4-way or 3-way interactions involved. However, effects of screw speed and nozzle diameter were confounding. Screw speed and nozzle diameters together influenced the n value. The only exception was at 80 rpm, where there were no differences in the n values with changes in nozzle diameter. This suggested that both variables controlled the back pressure developed within the extruder and, thereby, influenced the degree of mixing. With increase in moisture content, the decrease in the value of n clearly indicated that an increase in moisture caused a significant increase in the degree of mixing. However, since only conveying screw elements were used, the overall effect on the degree of mixing was minimal. For most conditions, the estimated optimum values were either 2 or 3 (when restricting the value to integers).
Prediction of the parameters
It may be inferred from the estimation and analyses of parameters that only t ‾ and p values were affected significantly within the ranges of the input variables. The parameter d can be taken as a constant for the specific screw configuration used except at low moisture content where the d value depends on the barrel temperature. n can be taken as either 2 or 3 depending on screw speed, moisture content and nozzle diameter.
Statistical quadratic models and NN models were developed to predict t ‾ and p based on the analysis. Regression equations, along with RMSE and r 2 for statistical and NN models are shown in Table 2 . High r 2 and low RMSE values show that the quadratic model was better than the NN method (three layer, fully connected back propagation network) for the prediction.
The predicted RTD had high coefficients of determination (r 2 > 0.85). However, due to the experimental errors (even in replicates of the experimental RTDs), the coefficients of determination were not very high at all conditions.
Conclusions
Residence time distribution in extrusion can be modeled assuming plug flow in series with a finite number (n) of continuously stirred tank reactors (CSTRs) with dead volume fractions (d). As compared to previously proposed simplified model with one CSTR, the complete model with 2 or 3 CSTRs was best-fit and represented the experimental residence time distribution well. Value of d can be assumed constant for a specific screw configuration. All variables had significant effects on the other two parameters of the model, mean residence time and fraction of plug flow, p. For prediction of these two parameters from input variables, statistical quadratic models performed better than a neural network model (with three layers, fully connected back propagation). (p) .007 + 0.056 * mc − 0.0006 * nd * ss − 0.0000877 * mc * ss + 0.00053 * nd * temp, r 2 = 0.0901, RMSE = 0.077 r 2 = 0.2289, RMSE = 0.071 mc = moisture content; nd = nozzle diameter; temp = temperature and ss = screw speed.
